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QUANTUM SIMULATION
Josephson effect in fermionic superfluids across the BEC-BCS crossover Giacomo Valtolina, 1,2,3 Alessia Burchianti, 1,2 Andrea Amico, 1, 2, 4 Elettra Neri, 1, 2, 4 Klejdja Xhani, 1,2 Jorge Amin Seman, 1 * Andrea Trombettoni, 5 Augusto Smerzi, 1, 2, 6 Matteo Zaccanti, 1,2 Massimo Inguscio, 2,4,7 Giacomo Roati 1,2 † The Josephson effect is a macroscopic quantum phenomenon that reveals the broken symmetry associated with any superfluid state. Here we report on the observation of the Josephson effect between two fermionic superfluids coupled through a thin tunneling barrier. We show that the relative population and phase are canonically conjugate dynamical variables throughout the crossover from the molecular Bose-Einstein condensate (BEC) to the Bardeen-Cooper-Schrieffer (BCS) superfluid regime. For larger initial excitations from equilibrium, the dynamics of the superfluids become dissipative, which we ascribe to the propagation of vortices through the superfluid bulk. Our results highlight the robust nature of resonant superfluids.
T he Josephson effect (1) allows extraction of the most elusive part of the superfluid order parameter, the phase, through a measurable quantity, a particle current (2) . Furthermore, Josephson dynamics provide fundamental insights into the microscopic properties of superfluids and their robustness against dissipative phenomena (3). Since its discovery, the Josephson effect has been demonstrated in a variety of fermionic and bosonic systems (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . However, it has so far eluded observation in Bose-Einstein condensate (BEC)-Bardeen-Cooper-Schrieffer (BCS) crossover superfluids (13, 14) realized by ultracold Fermi gas mixtures close to a Feshbach resonance (15, 16) . These systems encompass the two paradigmatic aspects of superfluidity within a single framework: Bose-Einstein condensation of tightly bound molecules and BCS superfluidity of long-range fermion pairs (13) . Moreover, in the resonant regime, where the pair size is comparable to the interparticle spacing, they show universal properties, exhibiting similarities to other exotic strongly correlated fermionic superfluids, from cuprate superconductors to nuclear and quark matter (17, 18) . Here we report on the observation of the Josephson effect in ultracold gases of 6 Li atom pairs across the BEC-BCS crossover. Our Josephson junction consists of two superfluid reservoirs, weakly coupled through a thin tunneling barrier. For all interaction regimes, we detected coherent oscillations of both the pair population imbalance DN = N L -N R and the SCIENCE sciencemag.org 18 relative phase φ = φ L -φ R across the junction, measured in situ and after time-of-flight expansion, respectively (L, left reservoir; R, right reservoir).
In our experiment, we produced fermionic superfluids of about N = 10 5 atom pairs (21, 22) , confined in a harmonic potential of frequencies w x = w 0 = 2p × 15 Hz, w y = 2p × 150 Hz, and w z = 2p × 170 Hz. To minimize finite temperature effects on the superfluid dynamics, we worked at the lowest detectable temperature, T/T F = 0.07 ± 0.02, where T F is the Fermi temperature. This ensured a superfluid fraction around unity for all interaction strengths that we investigated (22) . The interatomic interaction, parameterized by the s-wave scattering length a, was finely tuned by exploiting a broad Feshbach resonance at 832 G (15, 16) . Because strong interactions foster the development of dissipative processes (19, 23) , we engineered a thin optical barrier whose width was only a few times larger than the superfluid coherence length of the system that would be expected in the strongly interacting regime (9) . We realized this set-up by focusing onto the atomic cloud a strongly anisotropic laser beam at 532 nm, which was blue-detuned with respect to the main optical transition of lithium atoms. At the trap center, the beam was Gaussian-shaped, with a 1/e 2 beam waist of 2.0 ± 0.2 and 840 ± 30 mm along the x and y directions, respectively (Fig. 1A) . The repulsive barrier was homogeneous along the y and z axes while bisecting the cloud on the weak x axis in two reservoirs. We parameterized the barrier height with the potential peak V 0 , felt by one atom pair, which we adjusted by controlling the power of the barrier beam. The dynamics of the system were then induced as follows: Initially, the trap center was axially displaced with respect to the barrier position (22) , creating an initial nonzero population imbalance z 0 = DN/N between the two reservoirs. Here, N = N L + N R is the sum of the pair populations of the two wells. A nonadiabatic movement of the trap center back onto the barrier position created a nonzero chemical potential difference dm 0 , triggering the superfluid dynamics. Initially, we focused our study on the regime of small excitations, working at the lowest detectable initial imbalance z 0 = 0.03 ± 0.01 and for barrier heights V 0 exceeding the bulk chemical potential m (i.e., barrier heights in the tunneling regime). In such cases, the system Hamiltonian can be written in terms of only two macroscopic dynamically conjugate variables: the relative phase φ and the relative population DN/2 (2). Generally, for small oscillations, the Hamiltonian reduces to the sum of two energy terms: E J φ 2 /2 and (E C /2)(DN/2) 2 . The first term depends on the Josephson tunneling energy E J, and it favors the coherent flow of particles through the junction. The second term represents the charging energy E C , which is the energy cost to add a single pair in one reservoir (2, 24, 25) . Consequently, both the imbalance and the phase undergo harmonic oscillations, out of phase from each other by p/2, at a plasma frequency w J that is independent of z 0 and given by
where ℏ is the reduced Planck constant.
We confirmed this expectation by studying the evolution of z and f as functions of time [z (t) and φ(t)], using absorption images that were recorded in situ and after a time-of-flight expansion, respectively (Fig. 1, B and C). To determine φ(t) in the strongly interacting regime, we performed a 200-ms fast ramp to the BEC side of the resonance (22, 26) . This reduced the detrimental effects of collisions during the expansion, which would completely wash out the visibility of the interferogram (27) . Figure 2 shows an example of the evolution of z(t) and φ(t) for a molecular BEC and a unitary Fermi gas. In both cases, the two quantities oscillate at the same frequency with a relative phase shift of p/2, within error bars. Our measurement establishes the conjugate nature of the phase and number imbalance, and it provides direct evidence of the macroscopic phase coherence of these systems. Because this behavior is also observed in a resonant superfluid, whose phase can be inferred only after ramping to the BEC limit, we conclude that the magnetic sweep does not appreciably distort the measurement of φ(t).
To understand how the Josephson dynamics are influenced by interactions in the BEC-BCS crossover, we extracted the Josephson frequency w J by measuring z(t) for a fixed barrier height V 0 = 1.2 ± 0.1 E F , at different values of the interaction strength that we parameterized via the dimensionless parameter 1/k F a. Here, k F is the modulus of the Fermi wave vector associated to a noninteracting gas of N trapped fermions, whose Fermi energy is given by
m is the mass of one 6 Li atom and w ¼ ðw x w y w z Þ 1=3 ). The extracted w J exhibits a nonmonotonic evolution across the BEC-BCS crossover (Fig. 3A) , with a maximum around the unitary limit. To gain further insights into this trend, by exploiting Eq. 1, we derived E J from the measured values of w J combined with the computed E C . E C is related to the inverse of the system compressibility; it was derived from an extended Thomas-Fermi model, based on a generalized Gross-Pitaevskii equation for the pairs wave function that accounts for the correct chemical potential, obtained by means of Monte Carlo calculations across the entire crossover (22) . Figure 3B shows E J and N × E C normalized to E F as a function of 1/k F a. Whereas E C increases monotonically moving from the BEC to the BCS regime, E J reflects the behavior of w J , reaching a maximum close to unitarity. Our system qualitatively reproduces the trend for the maximum Josephson current that has been derived from numerical approaches (28, 29) , which explicitly account for the composite nature of the superfluid pairs.
For V 0 ≪ m, this behavior can be ascribed to the competition of two different critical velocities (29) , set by sound and pair-breaking excitations that are predominant on the BEC and BCS sides, respectively (29) . In turn, our observation in the tunneling regime (V 0 > m) can be qualitatively understood by considering that, in both the BEC and BCS limits, one expects
N 0 is the total number of condensed pairs, and K is the tunneling term that depends on the chemical potential and the barrier properties. In the deep BEC limit, almost all pairs are condensed, so that N 0 ≅ N and E J~K N (24, 31). In the BCS limit, N 0 /N º D/E F , where D is the superfluid gap, and Eq. 2 reproduces the Ambegaokar-Baratoff formula at T = 0 (3). Moving from the BEC to the unitary limit, the increase in E J (Fig. 3B) is associated with the growth of K. In this regime, N 0 decreases only slightly (32) , whereas the increase in the interactions makes m, and hence K, progressively larger. In contrast, toward the BCS limit, m does not vary much with k F a, whereas N 0 decreases sharply, causing a net reduction of E J . Even if a microscopic derivation of the dependence of E J on N 0 is presently missing in the strongly interacting regime, the previous arguments suggest that a maximum E J should occur close to the unitary limit, in agreement with the experiment.
Our study initially focused on the regime of small excitations, characterizing the Josephson oscillations throughout the BEC-BCS crossover. We next investigated the system's evolution when the dynamics are triggered by larger initial excitations. In our setup, this can be done easily, either by increasing the initial imbalance z 0 at a fixed V 0 or vice versa. Under these conditions, we observed a completely different behavior, in which the transport through the junction turned from coherent to dissipative. As an example, Fig. 4A shows the evolution of z(t) for z 0 = 0.04 ± 0.01 and V 0 /E F = 2, at 1/k F a = 0. These dynamics strongly contrast with those shown in Fig. 2 :
The system in Fig. 4A is characterized by a dissipative flow, which tends to irreversibly equilibrate the two reservoirs, similarly to what was reported in (23) for crossover superfluids coupled through a mesoscopic channel. In this regime, despite the presence of dissipative processes, the visibility of the observed interference pattern remains high, and we were able to trace the initial evolution of φ(t) (Fig. 4A) . Again, the dynamics of this observable property differ considerably from those in Fig. 2 : φ(t) grows linearly in time in Fig. 4A , at a rate much faster than w J and comparable to the initial chemical potential imbalance dm 0 . This behavior can be explained by the fact that, once the initial charging energy 1 8 E C z 2 0 N 2 exceeds the Josephson coupling E J , the phase increases as ℏ φ(t)~E C z 0 Nt (24). After an evolution time on the order of the axial trap period, despite the high contrast of the interferograms in each image, we observed a considerable increase in the shot-to-shot fluctuations, making it difficult to further follow a clear trend in φ(t).
To understand how a slow resistive flow can coexist with the phase coherence between the two reservoirs, we investigated the microscopic origin of dissipation in our system. The high visibility of the interference pattern, detected at all evolution times, rules out pair-breaking processes as the origin of the dissipative flow. Rather, our observation recalls the phenomenology typical of neutral superfluid systems, such as liquid helium (2, 19) and atomic BECs (20, 33) , in which resistive dynamics are established by phase-slippage processes and vortex nucleation. In fact, the entrance into this "running phase" regime is expected to be accompanied by the nucleation of a vortex within the link region (19) . A complete phase slip φ = 2p occurs when the vortex annihilates within the barrier region. This gives rise to the macroscopic quantum self-trapping of the relative population (22, 24) . However, this outcome depends on the system configuration, and for V 0~m , such a topological defect may escape the low-density region (2, 19, 20) the superfluid bulk, before annihilation. The propagation of the vortex through the superfluid bulk acts as a dissipative channel that gives rise to a resistive flow, which leads to an exponential decay of z(t). This mechanism can occur in our crossover superfluids: The three-dimensional character of our junction, combined with the coupling to the transverse modes favored by the strong interparticle interactions, may facilitate the leakage of vortices from the barrier region (33) .
By performing a statistical study over several time-of-flight images recorded after some time evolution in the trap (22) , we detected with nonzero probability the presence of topological defects, which appear as density depletions in the expanded clouds (Fig. 4B, inset) . By measuring their oscillation period in the trap after switching off the barrier, we identified them as solitonic vortices (22, 34) . The intimate connection between the breakdown of the Josephson oscillations and the appearance of vortices is further confirmed by the data shown in Fig. 4B . This figure shows the behavior of the Josephson frequency w J at unitarity as a function of V 0 , together with the occurrence of defects observed for each V 0 value over a statistical ensemble of 40 images. Vortices appear only in the regime where coherent oscillations are absent (V 0 /E F > 1.5). The interconnection between the quench of the coherent dynamics and the vortex nucleation is not peculiar to the unitary point; it extends over the entire BEC-BCS crossover region. This can be observed by comparing Fig. 4C and 4D , where the measured w J is contrasted with the vortex occurrence probability, as a function of V 0 /E F and 1/k F a. The trend of the first observable is inversely correlated with the behavior of the second one for all interaction regimes. Figure 4D highlights the robustness of the crossover superfluid, which resists the formation of topological defects while maintaining the highest Josephson frequency. Our results differ from those reported in a study of the limit of vanishingly low barriers (V 0 ≪ m), where phononic excitations and pair-breaking effects, rather than vortices, respectively cause the breakdown of superfluidity in the BEC and BCS sides (30) .
Our work paves the way for studies of the interplay between elementary and topological excitations in the dissipative dynamics created by varying the height and width of the interwell barrier, and to the measurement of the superfluid gap, in close analogy with tunneling experiments in superconductors (3, 18) . Moreover, extending our studies of the tunneling dynamics above the condensation temperature T C may provide insight into the role of phase fluctuations in the regime where preformed noncondensed pairs appear in the system (17) .
